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phase separation, minimizes renucleation during growth, and reduces the high concentration of residual point defects which give rise to compressive stress.
I. INTRODUCTION
Thin films of metastable NaCl-structure Ti 1-x Al x N exhibiting high hardness and good high-temperature oxidation resistance 1 are used for wear protection in a wide variety of applications ranging from cutting tools to mechanical components in the aerospace industry. 2 Enhanced performance at elevated temperatures is obtained with single-phase alloy films having high AlN content. However, kinetic solid solubilities of wurtzite-structure AlN (wAlN) in cubic TiN depend sensitively on film growth parameters. 3 At thermodynamic equilibrium, the solubility of AlN in TiN is low, only 2 mol% at 1000 °C (Ref. 4) and 5 mol% at 2425 °C. 5 Recently, we have shown that single-phase Ti 1-x Al x N alloys with x up to 64 mol% can be grown using a hybrid co-sputtering technique combining high-power pulsed magnetron sputtering (HIPIMS) of Al and dc magnetron sputtering (DCMS) of Ti. 6, 7 The primary ions during Al HIPIMS are Al + . 7 Reversing the power supplies, such that the Ti target is powered by HIPIMS and Al sputtered in the DCMS mode, reduces x max to  40 mol%, due to bombardment by high-energy Ti 2+ ions during the Ti HIPIMS pulse. The resulting high defect densities lead to the nucleation of wurtzite-structure AlN second-phase precipitates.
The purpose of the present research is to probe the effects of synchronous biasing during film growth by hybrid HIPIMS/DCMS co-sputtering. We use metastable Ti 0.39 Al 0.61 N alloy films, grown at 500 C by Al-HIPIMS/Ti-DCMS, as a model system. A -60 V bias is applied to the substrate using three different modes: (1) the bias is continuous during both HIPIMS pulses and DCMS, (2) the bias is applied in synchronous with the full HIPIMS pulse, and (3) the bias is applied only in synchronous with the metal-rich-plasma portion of the HIPIMS pulse.
Alloy films grown under continuous dc bias are small-grain, two-phase mixtures consisting of AlN-deficient NaCl-structure Ti 1-x Al x N and wurtzite-structure AlN, with high compressive stress, a high concentration of trapped Ar, and no preferred orientation.
Synchronizing the bias with the full HIPIMS pulse on the Al target yields films with no measureable Ar concentration, significantly lower compressive stress, larger average grain size, a smaller volume fraction of wurtzite AlN, and random texture. By synchronizing the bias with the metal plasma phase of the HIPIMS pulses, high-energy Ar + ion irradiation is greatly reduced in favor of irradiation predominantly by Al + ions. The resulting single-phase NaCl-structure Ti 1-x Al x N alloys have a dense competitive columnar structure with a strong 111 orientation and even lower stress.
II. EXPERIMENTAL
Ti 0.39 Al 0.61 N films are grown in a CC800/9 CemeCon AG magnetron sputtering system 8 equipped with cast rectangular 8.850 cm² Ti and Al targets. Si(001) substrates, 31 cm 2 , are mounted symmetrically with respect to the targets, which are tilted toward the substrate, resulting in a 21 angle between the substrate normal and the normal to the target.
Target-to-substrate distance is 18 cm. The substrates are cleaned sequentially in acetone and isopropyl alcohol and mounted with clips such that their long sides are parallel to the long sides of the targets. The system is thoroughly degassed before deposition; we use two-hour long heating cycle, consisting of two steps. First, two resistive heaters are powered to 10 kW for 1 hour, resulting in a chamber temperature of 600 °C. Following this the heating power is reduced to 7.3 kW/heater for 1 hour (chamber temperature = 500 °C) and maintained at this level during film deposition. The system base pressure is < 2.310 -6 Torr (0.3 mPa) and the total pressure P tot during deposition is 3 mTorr (0. Ti 1-x Al x N films are grown with a substrate bias, V s = -60 V, applied using one of three biasing schemes: (1) continuous bias; (2) bias applied synchronously during the full 200 s HIPIMS pulse (between HIPIMS pulses, the substrate is at floating potential, V f  -10 V); or (3) bias synchronized with the 60 s metal-rich-plasma portion of the HIPIMS pulse beginning at 40 s after pulse initiation (at all other times, the substrate is at V f ). The total film deposition time is 90 minutes leading to film thicknesses of (1) 1.2, (2) 1.9, and (3) 1.9 m, as determined by scanning electron microscopy (SEM) of fracture cross-sections and confirmed by cross-sectional transmission electron microscopy (XTEM).
The substrate bias voltage and current are monitored with a Tektronix DPO4054 500
MHz bandwidth four-channel digital oscilloscope. Al has a low first ionization energy (5.986 eV) 10 and Al + is the dominant plasma ion from t  40 to 100 s into the pulse. Electron-impact ionization of sputter-ejected Al atoms reduces the intensity of the high-energy tail in the plasma electron energy distribution. This, in turn, decreases the ionization probability of gas species Ar, N 2 , and N which have ionization energies 15.75, 15.55, and 14.50 eV. 10 Al + intensity, after reaching a peak at 50 s, begins to decrease due to a corresponding decrease in the discharge current as the plasma becomes power-supply limited. The Ar + intensity again dominates during the latter half of the pulse, from t ~ 100 to 200 s. N 2 + and N + intensities do not fully recover due to increased target sputtering rates giving rise to efficient trapping and chemisorption of nitrogen by freshly-deposited Al atoms.
A comparison of the total ion flux (primarily Al + and Ar + ) during a HIPIMS pulse to the continuous ion flux (dominated by Ar + ) from dc magnetron sputtering is obtained from the time-averaged ion saturation current densities J s measured using a 15-mm-diameter circular probe mounted at the substrate position during Al-HIPIMS and Ti-DCMS operation.
J s is 0.60 mA/cm 2 in HIPIMS and 0.35 mA/cm 2 during DCMS.
Since time-resolved ion mass spectrometry measurements in the Al-HIPIMS plasma indicate that the peak total ion count during the 200-s HIPIMS pulse is 8 higher than the average value obtained between the pulses, we conclude that the ion flux arising from the HIPIMS source during the pulse is at least an order of magnitude higher than the concurrent ion bombardment from the Ti plasma. Therefore, film growth conditions during the highpower pulses are, to a first approximation, controlled by the HIPIMS plasma.
Throughout the time between the 200 s HIPIMS pulses, the growing film continues to be exposed to a large Ar + ion flux from the DCMS plasma. During these periods, Ar + constitutes 84% of the total ion flux to the substrate with Ti + , N 2 + , and N + ions contributing 10, 4.9, and 0.1%. Mean Ar + , Ti + , N 2 + , and N + ion energies are 2.3, 4.8, 2.8, and 11.8 eV.
The ion-to-metal flux ratio J i /J Me measured during Ti-DCMS operation is 3.2, essentially equal to the time-averaged value, 3.1, obtained during Al-HIPIMS/Ti-DCMS co-deposition.
The AlN concentration x in as-deposited Ti 1-x Residual stress values  for alloy films grown using each of the three bias modes are obtained from sin 2  analyses. For the randomly-oriented modes (1) and (2) 
Elastic moduli E, required for obtaining  values, are acquired from nanoindentation measurements analyzed accordingly to Ref. GPa. For Ti 0.39 Al 0.61 N layers grown using synchronized mode (2) and mode (3) bias schemes,  is -0.2 GPa and +0.5 GPa, respectively. The measured stress values include a thermal contraction tensile stress  T due to the samples being cooled from T s = 500 °C to room temperature.  T is given by
where  s = 310 A distinctly different nanostructure is observed for mode (3) films (see Fig. 4(c)) grown with the bias pulse synchronized to the metal-ion portion of the HIPIMS pulse (t = 40-100 s). The films consist of densely-packed columns, with no open boundaries, that extend throughout the entire film thickness. A pronounced competitive columnar growth occurs initially; the average column diameter, 200 Å near the substrate, increases to 600-700 Å by the middle of the film, and 500-1000 Å near the film surface. Mode (3) films are single-phase NaCl-structure with no wurtzite signal detectable by either XRD or SAED. The 111 preferred orientation determined by XRD is also evident in XTEM SAED patterns as an increased 111 intensity in the film growth direction (see the inset in Fig. 4(c) ), which is tilted with respect to the surface normal by 20° in the direction of the Al target. metal, are also expected to play an important role in controlling structural evolution. We focus particularly on these latter effects in the present experiments.
IV. DISCUSSION
For Ti 0.39 Al 0.61 N growth by Al-HIPIMS/Ti-DCMS deposition, the average energy per deposited atom delivered to the film growth surface, including that provided by the DCMS plasma, during an entire = 2 ms period, is
In our experiments,
determined by the time-averaged energy of incident ions,
The substrate bias, V s = -60 V, is applied during 100% of the deposition time (mode 1), 10% (mode 2), and 3% (mode 3). For the remaining deposition time, in modes (2) and (3) (Fig. 3) and SAED results (Fig. 4(a) This high transient defect concentration, together with the trapped residual defects, destabilizes the metastable NaCl-structure host lattice resulting in second-phase w-AlN precipitation, loss of local epitaxy, and the formation of the fine-grained randomly-oriented nanostructure observed in both modes (1) and (2) 
V. CONCLUSIONS
In summary, we demonstrate that the use of a synchronous pulsed bias during hybrid HIPIMS/DCMS co-sputter deposition of Ti 1-x Al x N decreases, or eliminates, depending on whether the bias is applied during the entire HIPIMS pulse or only during the metal ion phase, the compressive stress associated with trapped rare gas. Alloy films grown with continuous dc bias are small-grain, two-phase mixtures, consisting of AlN-deficient NaClstructure Ti 1-x 
